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Evolutionary toxicology is the study of the
effects of contaminants on the genetics of
natural populations and is rapidly becoming
an essential component of ecotoxicology. The
use of population genetic data to investigate
effects of chronic contaminant exposure has
proven effective in studies representing a
diversity of organisms and ecological settings.
Molecular genetics is a powerful tool to iden-
tify reductions in genetic diversity (Murdoch
and Hebert 1994), contamination-induced
natural selection (Bridges and Semlitsch
2001; Foré et al. 1995a, 1995b; Peles et al.
2003; Theodorakis and Shugart 1997), eco-
logical sinks (Baker et al. 2001; Matson et al.
2000; Theodorakis et al. 2001), and increased
mutation rates (Ellegren et al. 1997; Forster
et al. 2002; Somers et al. 2002). The applica-
tion of evolutionary or population genetic
approaches to problems in ecotoxicology has
been reviewed in several articles (Belfiore
and Anderson 2001; Bickham et al. 2000;
Bickham and Smolen 1994; Hebert and
Luiker 1996; Van Straalen and Timmermans
2002). Bickham et al. (2000) provided a
thorough discussion of the complex pathways
through which contaminants can affect
wildlife populations.
Three specific population genetic effects
were of interest in this study, the first being
genetic diversity. Environmental contami-
nants can lead to a reduction in genetic diver-
sity resulting from strong selection for
chemical tolerance or population declines.
Reductions in fecundity or viability, or
increased mortality as a result of contaminant
exposure can lead to a reduction of the num-
ber of breeding adults. Semlitsch et al. (2000)
were able to demonstrate that there was a ﬁt-
ness trade-off associated with chemical toler-
ance in gray tree frog (Hyla versicolor)
tadpoles. Tadpole survival, in the absence of a
chemical stressor, was negatively correlated
with tolerance to the insecticide carbaryl.
More complex scenarios involve ecosystem
degradation leading to reductions in carrying
capacity, thus resulting in smaller populations.
Although population surveys are generally the
most accurate means of estimating population
size, in situations where no surveys were per-
formed before contaminant exposures, as in
Sumgayit, Azerbaijan, population genetic
techniques are quite useful for investigating
possible changes in effective population size
(Ne). Populations that have experienced a sig-
nificant bottleneck are expected to suffer a
reduction in population genetic diversity. The
severity and duration of the bottlenecks will
determine the amount of diversity loss
(Bickham et al. 2000). Genetic diversity is
generally measured as either “haplotype” or
“nucleotide” diversity (Nei 1987). Gene or
haplotype diversity looks only at the number
and frequencies of haplotypes, whereas
nucleotide diversity also includes a measure of
haplotype sequence similarity (Nei 1987;
Tajima 1983). Haplotype, as used throughout
this article, is deﬁned as a unique sequence of
nucleotides for a deﬁned region, providing a
distinctive genetic pattern. The loss of popula-
tion genetic diversity has been linked to envi-
ronmental contaminants (Kopp et al. 1992;
Krane et al. 1999; Murdoch and Hebert
1994; Street and Montagna 1996).
Our second effect of interest was mutation
rate. Contaminant exposure can lead to an
increased mutation rate that might offset some
of the genetic diversity loss caused by bottle-
necks. The haplotype patterns found in these
populations can be informative in determining
whether populations have gone through bottle-
necks and/or have elevated mutation rates.
Elevated levels of heteroplasmy, the presence of
more than one mitochondrial DNA (mtDNA)
variant within an individual, in contaminated
populations suggest the presence of an elevated
mutation rate (Forster et al. 2002). However,
it is important to understand that different
types and patterns of heteroplasmy suggest dif-
ferent sources. In several instances, the differ-
ences between the heteroplasmic haplotypes
have been too large to suggest a simple gametic
or somatic mutational event (Kvist et al. 2003;
Magoulas and Zouros 1993). This pattern sug-
gests that paternal leakage is the cause and not
gametic or somatic mutation. Paternal leakage
is the result of at least one mitochondrion from
the sperm cell being incorporated into a fertil-
ized egg, leading to the presence of both
maternal and paternal mtDNA in the resulting
offspring. Paternal leakage is a rare exception
to the strictly maternal inheritance of mtDNA.
Where paternal leakage is indicated, hetero-
plasmic haplotypes are likely to be common
haplotypes (Magoulas and Zouros 1993), or
they might be differentiated by more than a
single mutational event (Kvist et al. 2003;
Environmental Health Perspectives • VOLUME 114 | NUMBER 4 | April 2006 547
Research
Address correspondence to C.W. Matson, Integrated
Toxicology Program, Duke University, LSRC A346,
Box 90328, Durham, NC 27708-0328 USA.
Telephone: (919) 613-8056. Fax: (919) 668-1799.
E-mail: matson@duke.edu
We thank A.A. Mekhtiev and R. Kasimov (Karaev
Institute of Physiology, Azerbaijan National Academy
of Sciences), for logistical support and T. Colborn,
R.L. Honeycutt, G.T. Rowe, C.M. Somers, and J.K.
Wickliffe for thoughtful review of the manuscript.
This article has been modified from a chapter in
the dissertation of C.W.M.; the dissertation copy-
right is retained by the author.
Funding was provided by the National Institute of
Environmental Health Sciences, Superfund Basic
Research Programs grant ES04917.
The authors declare they have no competing
ﬁnancial interests.
Received 14 June 2005; accepted 15 December
2005.
Evolutionary Toxicology: Population-Level Effects of Chronic Contaminant
Exposure on the Marsh Frogs (Rana ridibunda) of Azerbaijan
Cole W. Matson,1 Megan M. Lambert,1 Thomas J. McDonald,2 Robin L. Autenrieth,3 Kirby C. Donnelly,2,4
Arif Islamzadeh,5 Dmitri I. Politov,6 and John W. Bickham1
1Department of Wildlife and Fisheries Sciences, 2School of Rural Public Health, 3Department of Civil Engineering, and 4Department of
Veterinary Anatomy and Public Health, Texas A&M University, College Station, Texas, USA; 5Sumgayit Centre for Environmental
Rehabilitation, Sumgayit, Azerbaijan; 6Vavilov Institute of General Genetics, Russian Academy of Sciences, Moscow, Russia
We used molecular methods and population genetic analyses to study the effects of chronic
contaminant exposure in marsh frogs from Sumgayit, Azerbaijan. Marsh frogs inhabiting wetlands
in Sumgayit are exposed to complex mixtures of chemical contaminants, including petroleum prod-
ucts, pesticides, heavy metals, and many other industrial chemicals. Previous results documented
elevated estimates of genetic damage in marsh frogs from the two most heavily contaminated sites.
Based on mitochondrial DNA (mtDNA) control region sequence data, the Sumgayit region has
reduced levels of genetic diversity, likely due to environmental degradation. The Sumgayit region
also acts as an ecological sink, with levels of gene ﬂow into the region exceeding gene ﬂow out of
the region. Additionally, localized mtDNA heteroplasmy and diversity patterns suggest that one of
the most severely contaminated sites in Sumgayit is acting as a source of new mutations resulting
from an increased mutation rate. This study provides an integrated method for assessing the cumu-
lative population impacts of chronic contaminant exposure by studying both population genetic
and evolutionary effects. Key words: Azerbaijan, complex mixtures, evolutionary toxicology, hetero-
plasmy, mutation rate, Rana ridibunda. Environ Health Perspect 114:547–552 (2006).
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most comprehensive examination of population
heteroplasmy, paternal leakage was ruled out by
studying people with known pedigrees (Forster
et al. 2002). In that study, Forster et al. (2002)
showed that heteroplasmy resulted from
gametic mutations, and the heteroplasmic con-
dition was subsequently passed down the
maternal lineage. This condition was also
shown to be linked to natural radiation expo-
sure because populations from radioactive areas
had an elevated frequency of heteroplasmy
(Forster et al. 2002). These data combine to
show that heteroplasmy can be an effective
means for investigating mutation rates.
Mutational heteroplasmy appears to be gener-
ally more common than complete mutations
and thus a more sensitive means of detecting
increased mutation rates in populations.
The third effect we wanted to investigate is
whether or not contaminant exposure has
resulted in an ecological sink. An ecological
sink is an area that appears to provide suitable
habitat, but animals fail to adequately survive
and/or reproduce, and thus the population
relies on immigration from source populations
to maintain population numbers. Although
this is in fact an ecological effect, it can be
investigated using population genetics.
Theodorakis et al. (2001) used population
genetics analyses to investigate the genetic pat-
terns of kangaroo rats (Dipodomys merriami)
inhabiting radionuclide-contaminated ground-
zero sites at the Nevada test site (nuclear testing
site). Based on both genetic diversity and gene
ﬂow estimates, they concluded that the atomic
blast sites act as ecological sinks. Additionally,
they concluded that immigration into the blast
sites masks the genotoxic effects of the radia-
tion contamination on the resident kangaroo
rat populations. Population genetic studies of
bank voles (Clethrionomys glareolus) living near
Chornobyl, led researchers to conclude that the
most contaminated areas were likely acting as
ecological sinks (Baker et al. 2001; Matson
et al. 2000). Although the authors were unable
to eliminate an increased mutation rate as
being the cause of observed genetic patterns,
subsequent heteroplasmy studies suggest that
mutation rates are not elevated at Chornobyl
(Wickliffe et al. 2002, 2003).
Azerbaijan is a former Soviet republic
located on the western shores of the Caspian
Sea. This small country is well known for its
large oil reserves, which have been exploited for
more than a century. Oil production, as well as
the chemical and manufacturing plants of
Sumgayit, has left the Apsheron Peninsula of
Azerbaijan with a complex mixture of environ-
mental contaminants. Environmental degrada-
tion and contamination in Azerbaijan,
specifically in Sumgayit, have been explored
recently (Andruchow 2003; Bickham et al.
2003; Matson et al. 2005a, 2005b; Shelton
2003; Swartz et al. 2003). Elevated levels of
numerous potentially mutagenic contami-
nants, including polycyclic aromatic hydrocar-
bons (PAHs), mercury, polychlorinated
biphenyls, and organochlorines, have been
documented in wildlife, sediments, and soils
from Sumgayit and the capitol city of Baku
(Bickham et al. 1998; Matson et al. 2005a,
2005b; Swartz et al. 2003). There is no doubt
that the contaminants in Sumgayit affect both
wildlife and humans; however, there is still
debate regarding the magnitude and types of
effects. Our previous studies have shown ele-
vated levels of chromosomal damage in wildlife
(Matson et al. 2005a, 2005b), and a recent
study has also shown increased cancer rates in
humans (Andruchow 2003). The complex
mixtures of contaminants found in Sumgayit
make it difﬁcult to prove causal links between
individual contaminants and observed effects.
Therefore, associations and correlations are
used to identify contaminants that are likely to
be involved in a particular biomarker effect. In
addition, it is difﬁcult to fully understand what
the ultimate consequences of increased genetic
damage as well as other effects might be on
individuals or populations. In an earlier study,
we were able to document signiﬁcant environ-
mental exposures and genetic damage in marsh
frogs (Rana ridibunda) from several sites in the
Sumgayit region of Azerbaijan (Matson et al.
2005b). The use of marsh frogs in the present
study to investigate population genetic patterns
allowed for a more informed interpretation of
observed patterns. A discussion of the advan-
tages of this species as an environmental model
has been published elsewhere (Matson et al.
2005b).
The Exxon Valdez oil spill provided scien-
tists with an in situ laboratory to study the
impacts of long-term chronic PAH exposure
to a variety of mollusks, ﬁsh, birds, and mam-
mals (Downs et al. 2002; Esler et al. 2002;
Peterson et al. 2003). Although the effects of
acute exposures to oil have been well docu-
mented and are currently taken into account
in ecological risk assessments, the effects of
long-term chronic exposure to weathered oil is
not well understood or adequately included in
risk assessments. Peterson et al. (2003)
recently concluded that chronic exposure to
PAHs, even at concentrations of parts per bil-
lion, could have signiﬁcant population conse-
quences. These population-level impacts are
the result of sublethal doses of PAHs that
compromised health, growth, and reproduc-
tion. Additionally, indirect ecosystem changes
contributed to population declines. These data
provide strong support for including probable
population-level impacts from chronic expo-
sure to contaminants into both wildlife and
human risk assessment models.
In this study, we tested three hypotheses
regarding marsh frog populations in Azerbaijan.
First, we wanted to determine if Sumgayit
populations exhibit reduced levels of genetic
diversity that could be the result of a popula-
tion bottleneck. Second, we tested whether
the most contaminated areas within Sumgayit
are acting as sources of new mutations. Third,
we investigated patterns of gene ﬂow to deter-
mine if the Sumgayit region is acting as an
ecological sink.
Materials and Methods
Sample collection. Marsh frogs were collected
from a total of 11 sites between 1999 and
2002. Collecting areas consisted of marshes,
ponds, and in one case a drainage ditch. A map
of collecting locations is presented in Figure 1.
Matson et al.
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Figure 1. Map of Azerbaijan showing both experimental (inset: Sumgayit) and reference collection localities.
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(NEF), N 39°24´, E 49°15´; Ali Bairamly
(ALI), N 39°56.777´, E 48°55.060´; Alti-
Agach, N 40°53.012´, E 48°59.800´; waste-
water treatment plant (WTP), N 40°36.857´,
E 49°37.280´; site 11, N 40°36.380´,
E 49°40.477´; site 12, N 40°38.671´,
E 49°32.381´; site 75, N 40°37.402´,
E 49°34.696´; site 76, N 40°34.468´,
E 49°43.129´; chloralkali plant (CAP),
N 40°35.788´, E 49°37.700´; site 107,
N 40°35.180´, E 49°36.110´; site 108,
N 40°33.917´, E 49°38.778´. Eight of the sites
are located within the city of Sumgayit, and
the remaining three are from reference areas.
Two of the reference sites are to the south of
Sumgayit (ALI and NEF); the third is to the
northwest in the Caucus Mountains (Alti-
Agach). Sumgayit samples were considered
contaminated based on environmental chem-
istry data presented previously (Matson et al.
2005b) and their proximity to a large industrial
area with a documented history of widespread
chemical contamination (Bickham et al. 2003).
Sample sizes are presented in Table 1.
Frogs were anesthetized with MS222 (CAS
886-86-2; Sigma-Aldrich Corp., St. Louis,
MO, USA). Blood samples for DNA analyses
were then obtained via abdominal venipunc-
ture and placed in lysis buffer (Longmire et al.
1997). All animals included in this study were
treated humanely, and every effort was made to
avoid needless suffering. Speciﬁc collection and
handling procedures were reviewed and
approved by the Texas A&M University
Laboratory Animal Care Committee. Samples
were immediately refrigerated at 4°C until they
were transported back to Texas A&M
University for processing. Animals were then
sacrificed via pithing. Frozen tissue samples
were also collected and subsequently archived
at Texas A&M University.
DNA extraction and sequencing. Total
genomic DNA was extracted from blood sam-
ples using Qiagen DNeasy tissue kits (Qiagen
Inc., Valencia, CA, USA) following the manu-
facturer’s protocol. A 788-bp fragment of
mtDNA was then directly amplified using
polymerase chain reaction (PCR) using primers
designed speciﬁcally for Rana ridibunda: RANA
CR-3F (5´-GAAGACCCCTTTATCAC-
CATCG-3´) and RANA CR-4R (5´-GGGT-
ACGATAGGGCTTATGAAT-3´). These
primers amplify a region of mtDNA that
includes a 63-bp portion of the 3´ end of the
cytochrome b (CYTB) gene and the first
725 bp of the 5´ end of the control region. This
portion of the mtDNA control region is gener-
ally referred to as the hypervariable region I
(HVR1). Ampliﬁcations were performed with
AmpliTaq Gold PCR Master Mix (Applied
Biosystems, Foster City, CA, USA) following
the manufacturer’s recommendations and a
50°C annealing temperature. Fragments were
then purified using Qiagen QIAquick PCR
puriﬁcation kits (Qiagen Inc.). 
Sequencing reactions were performed
using the primer RANA CR-5F (5´-CCTT-
TATCACCATCGGTCAAATCG-3´) and
ABI PRISM BigDye Terminator v1.1 Cycle
Sequencing Kits (Applied Biosystems) fol-
lowing manufacturer’s recommendations. A
subset of individuals was additionally
sequenced using the primer RANA CR-2R
(5´-GGCTTATGAATATTGCGT-
CGAG-3´). Unincorporated dye terminators
were removed from sequencing products with
Qiagen DyeEx 2.0 spin kits (Qiagen Inc.).
Puriﬁed sequencing products were then ana-
lyzed on an ABI PRISM 377 DNA sequencer
(Applied Biosystems). Sequence chromato-
graphs were proofed and aligned using
Sequencher software (version 4.1; Gene
Codes Corp., Ann Arbor, MI, USA).
In addition to our normal confirmation
efforts, all ambiguous or heteroplasmic
nucleotides and novel haplotypes were con-
ﬁrmed by sequencing in the reverse direction
using RANA CR-2R. Detection limits for
heteroplasmy were approximately 15–20%.
Individuals with lower frequencies of sec-
ondary haplotypes were likely overlooked.
Genomic DNA also was extracted from liver
samples for all heteroplasmic individuals. DNA
extraction, PCR, and sequencing methods
were performed as with blood samples. We
compared the ratio of heteroplasmic nucleotide
proportions for both liver and blood samples
to confirm that observed mtDNA hetero-
plasmy was not the result of a nuclear pseudo-
gene. Because the mtDNA content of cells
varies between tissues depending on metabolic
activity, using different tissues for source DNA
yields different ratios of nuclear to mitochon-
drial DNA. As a result, if our heteroplasmy was
the result of a pseudogene, the proportions of
heteroplasmic nucleotides would vary from tis-
sue to tissue depending on the ratio of nuclear
and mitochondrial DNA. Because the propor-
tion of our heteroplasmic nucleotides did not
vary between blood and liver samples, which
have widely different ratios of nuclear and
mitochondrial DNA, we concluded that
observed heteroplasmy was not the result of a
nuclear pseudogene.
The final mtDNA fragment we used for
analyses was 582 bp and included the terminal
32 bp of CYTB and the adjacent 550 bp of the
control region. There are no tRNA genes sepa-
rating CYTB from the control region in many
ranid species, including R. ridibunda (Sumida
et al. 2000, 2001). The nucleotide sequences
of each haplotype were deposited in GenBank
(accession numbers AY554011–AY554027;
GenBank, National Center for Biotechnology
Information, Bethesda, MD, USA).
Data analysis. We analyzed sequence data
for both population and regional groupings.
Population data were analyzed only for sites
with at least 10 individuals. The two cases in
which there was not an adequate population
sample size for analysis (sites 107 and 108), the
individuals were used only in the regional
analyses. Haplotype diversity (h) and nucleo-
tide diversity (π) were calculated at both scales
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Table 1. Population and regional haplotype counts, sample sizes (n), and haplotype (h) and nucleotide (π) diversity estimates (SE).
Haplotype Diversity indices
Population 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 4/15 1/5 nh (SE) π (SE)
NEF 6 1 — 3 — — 1 — — — — — — — — — — 11 0.673 (0.123) 0.00245 (0.00182)
ALI 8 2 — 6 — — 1 — — 1 1 1 3 — — — — 23 0.814 (0.055) 0.00318 (0.00211)
AA 1 5 1 2 — 10 — — 2 — — — — — 1 — — 22 0.753 (0.076) 0.00327 (0.00216)
WTP 17 3 2 3 2 15 — 1 — — — — — 2 — 2 5 52 0.803 (0.036) 0.00202 (0.00147)
Site 11 7 — 2 — — 15 — — — — — — — — — — — 24 0.540 (0.082) 0.00112 (0.00100)
Site 12 12 2 — 1 — — — — — — — — — — — — — 15 0.362 (0.145) 0.00132 (0.00114)
Site 75 13 — — — — 1 — 3 — — — — — 2 — — 1 20 0.568 (0.119) 0.00096 (0.00092)
Site 76 12 — 1 1 — — — — — — — — — — — — — 14 0.275 (0.148) 0.00074 (0.00079)
CAP 14 1 2 1 — 2 — — — — — — — — — — — 20 0.511 (0.128) 0.00131 (0.00112)
Site 107 2 1 — 1 — 1 — — — — — — — — — — — 5 — —
Site 108 — — — — — — — — — 1 — — — — — — — 1 — —
Region
NEF/ALI 14 3 — 9 — — 2 — — 1 1 1 3 — — — — 34 0.761 (0.053) 0.00292 (0.00194)
AA  1 5 1 2 — 10 — — 2 — — — — — 1 — — 22 0.753 (0.076) 0.00327 (0.00216)
Sumgayit 77 7 7 7 2 34 — 4 — 1 — — — 4 — 2 6 151 0.684 (0.033) 0.00164 (0.00125)
Total 92 15 8 18 2 44 2 4 2 2 1 1 3 4 1 2 6 207 0.744 (0.025) 0.00216 (0.00151)
Abbreviations: AA, Alti-Agach; —, not detected. using ARLEQUIN (version 2.000) (Schneider
et al. 2000). We also used ARLEQUIN to cal-
culate linearized FST values and migration esti-
mates (Slatkin 1991, 1995). MIGRATE
(version 1.7.3; Beerli 2003) was used to esti-
mate Ne and number of effective migrants
(Nm) for regional groupings using a maximum
likelihood methodology (Beerli and Felsenstein
2001). A minimum spanning network was
constructed manually with all equally parsimo-
nious connections being represented.
Results
A total of 15 haplotypes were documented in
R. ridibunda populations from Azerbaijan.
Both population and regional haplotype
counts are presented in Table 1. There were 13
variable nucleotide positions identiﬁed. Of the
variable nucleotide positions, 10 were transi-
tions and three were transversions. One of the
transitions was located within CYTB, whereas
the remaining variable positions were located
in the control region. In addition to the frogs
with one of the 15 haplotypes, six frogs were
found to be heteroplasmic for haplotypes 1 and
5, and two frogs were found to be heteroplas-
mic for haplotypes 4 and 15. Secondary het-
eroplasmic haplotype proportions ranged from
approximately 15 to 45%. A minimum span-
ning network of all R. ridibunda haplotypes
from Azerbaijan is presented in Figure 2.
Regional and population diversity estimates
are presented in Table 1. At a regional scale,
Sumgayit had reduced levels of both haplotype
and nucleotide diversity relative to both refer-
ence regions (Figure 3). At the population level,
ﬁve out of the six sites in Sumgayit had lower
haplotype diversity than did our three reference
populations (Figure 3). The WTP site was the
only Sumgayit population that appeared to
have relatively normal haplotype diversity.
However, all of the Sumgayit populations
showed reduced levels of nucleotide diversity
relative to the reference populations (Figure 3).
To investigate population substructure at a
regional scale, FST (a measure of population
genetic divergence) estimates were computed
and are presented in Figure 4. Regional esti-
mates of Nm were calculated using two differ-
ent methods: a traditional method using FST
values (Slatkin 1991) and a maximum likeli-
hood (ML) method (Beerli and Felsenstein
2001). Traditional estimates of Nm only esti-
mate total gene flow between populations
(Figure 4), whereas the ML method computes
directional estimates of gene flow between
populations (Table 2). Both methods result in
the highest estimates of gene flow occurring
between Sumgayit and the ALI/NEF region,
and the lowest estimates occurred between
ALI/NEF and Alti-Agach. ML estimates sug-
gest that gene flow between Sumgayit and
ALI/NEF is almost entirely movement from
ALI/NEF into Sumgayit, and that gene ﬂow
between Sumgayit and Alti-Agach is weighted
toward emigration out of Sumgayit. The direc-
tional nature of gene ﬂow from traditional esti-
mates must be deduced from population
haplotype frequencies and patterns. Our inter-
pretation of haplotype patterns suggests that
gene ﬂow among the regions is directional with
the majority resulting from immigration into
Sumgayit. Haplotypes that are common in the
north are also common in Sumgayit but do
not penetrate to the south. Haplotypes that are
common in the south are also found in
Sumgayit but do not penetrate to the north.
Therefore, it appears that gene flow (migra-
tion) is into Sumgayit from both directions,
but not out of Sumgayit in either direction, or
at least at a much lower rate (Figure 4).
Effective population size (Ne) was esti-
mated for each region using an ML approach.
Theta (θ), in the case of mtDNA, is equal to
Ne multiplied by the mutation rate (μ).
Mutation rates are generally assumed to be
equal among populations. Therefore, we used
estimates of θ to compare Ne (Table 2). These
estimates suggest that the ALI/NEF region has
the largest population size, followed by Alti-
Agach and Sumgayit, respectively.
Discussion
Patterns of regional and population diversity
support the hypothesis that marsh frog popula-
tions from Sumgayit have reduced genetic
diversity, likely through population reductions
and/or bottlenecks. The Sumgayit region has
reduced levels of both haplotype and nucleotide
diversity relative to both ALI/NEF and Alti-
Agach (Figure 3). Additionally, all of the experi-
mental sites within Sumgayit exhibit reduced
levels of nucleotide diversity relative to reference
sites. The WTP is the only Sumgayit popula-
tion to not also show reduced haplotype diver-
sity. Although selection and/or other factors
cannot be totally excluded, the observed reduc-
tion in diversity is likely the result of genetic
drift exacerbated by declines in Ne. Although
selective pressures can be high in contaminated
environments, complex mixtures of contami-
nants and constantly changing environmental
conditions are less likely to result in a loss of
genetic diversity via selection than through
genetic drift acting on a small population. We
conclude that the observed loss of diversity is
likely the result of population declines, and that
environmental degradation (Bickham et al.
2003; Matson et al. 2005a, 2005b; Swartz et al.
2003) is the most likely cause of the regional
reductions of genetic diversity.
Patterns of diversity and gene ﬂow can be
used to evaluate whether an area is acting as an
ecological sink. Reduced genetic diversity is
Matson et al.
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Figure 2. Minimum spanning network of all R. ridi-
bunda haplotypes from Azerbaijan. Each connec-
tion represents a single mutational event, with thick
lines representing transversions. Arrowheads on
connections represent heteroplasmic conditions
between the two haplotypes and indicate the
inferred mutational direction. 
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Figure 3. Haplotype (A) and nucleotide (B) diversity for reference (shaded) and experimental (white) regions
and haplotype (C) and nucleotide (D) diversity for reference and experimental sites. Error bars represent SE. 
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)not necessary to identify an area as an ecologi-
cal sink. In fact, a sink could result in increased
diversity of a local population if immigration is
from multiple populations. Population history,
including whether the population is recovering
or declining, and genetic patterns are impor-
tant factors when interpreting population
diversity levels. A recovering population that
has lost diversity during previous bottlenecks
would be expected to continue showing
reduced genetic diversity unless new diversity
was being introduced to the population
through gene ﬂow or new mutations. If a pop-
ulation were extirpated and subsequently recol-
onized from a single adjacent population, one
would expect to see reduced levels of genetic
diversity. This process would be expected to
yield very high estimates of gene ﬂow and low
genetic differentiation among populations. If
the extirpated population were recolonized
from multiple adjacent populations, one might
expect to have normal or elevated levels of
genetic diversity relative to reference popula-
tions. Recent population genetic investigations
of possible ecological sinks have concluded that
observed genetic patterns suggested population
extirpation and a subsequent recolonization
from adjacent populations (Baker et al. 2001;
Matson et al. 2000; Theodorakis et al. 2001).
The genetic patterns of the Sumgayit popula-
tion do not support the hypothesis that frogs
were extirpated from the area and subsequently
recolonized from one or more surrounding
populations. This scenario would be expected
to result in a current population with relatively
normal or elevated levels of both haplotype and
nucleotide diversity. Additionally, under the
extirpation hypothesis one would not expect to
ﬁnd multiple unique haplotypes in Sumgayit.
Patterns of haplotype distributions, gene
ﬂow, and diversity indices are consistent with
the Sumgayit region being an ecological sink.
Population genetic patterns suggest that
most gene ﬂow occurring between Sumgayit
and ALI/NEF is actually immigration into
Sumgayit (Table 2, Figure 4). This regional
comparison is probably the most signiﬁcant in
that these regions are ecologically similar low-
land marsh habitats that have the highest levels
of gene ﬂow among regions. Although both of
our methods for estimating gene ﬂow suggest
that migration between Sumgayit and Alti-
Agach is less than that between Sumgayit and
ALI/NEF, directional gene flow estimates
between Sumgayit and Alti-Agach are contra-
dictory. However, based on the distribution of
common haplotypes, we conclude that migra-
tion is primarily from Alti-Agach to Sumgayit.
Regional genetic diversity estimates support
our hypothesis that diversity was lost in
Sumgayit because of reductions in Ne and that
the population was almost certainly not extir-
pated. We have shown that many environmen-
tal contaminant concentrations have been
reduced significantly in the last decade
(Matson et al. 2005a), and Bickham et al.
(2003) discussed the history of Sumgayit,
including the economic decline and subse-
quent closings and reduced production at most
plants and factories after the collapse of the
Soviet Union. This reduction in new pollution
and the transport and weathering of existing
contaminants has allowed for improvements in
environmental quality in Sumgayit. This
improvement in environmental health has
likely allowed marsh frog populations to begin
to recover from decades of terrible environ-
mental conditions. Although conditions are
improving, biomarkers of genetic damage still
suggest that frogs in Sumgayit are affected by
contaminant exposure. Even with the environ-
mental improvements in Sumgayit, population
genetic patterns support the hypothesis that
Sumgayit is acting as an ecological sink.
Although regional data suggest that frog
populations in Sumgayit are being affected by
long-term contaminant exposure, we wanted to
investigate these effects at individual sites
throughout the region. As described above,
genetic diversity estimates revealed reduced lev-
els of both haplotype and nucleotide diversity at
every site within the Sumgayit region except the
WTP. The WTP was shown to have reduced
levels of nucleotide diversity but normal levels
of haplotype diversity. In a population with
reduced haplotype and nucleotide diversity, an
elevated mutation rate would be expected to
generate an increase in haplotypic diversity
more rapidly than an increase in nucleotide
diversity. We propose that the WTP is actually
a source of new mutations in the Sumgayit
region. Based on patterns of haplotype and
nucleotide diversity, this argument would not
be compelling. However, we were able to dis-
cover significant evidence to support this
hypothesis. Eight individuals with mtDNA het-
eroplasmy were observed in this study. All of
the heteroplasmic individuals were from the
Sumgayit region, and seven of the eight were
found at the WTP.
Heteroplasmy can be caused by a few dif-
ferent mechanisms. The two most probable
mechanisms are paternal leakage and new
mutations. It is not always possible to deter-
mine which mechanism led to any observed
heteroplasmy. Paternal leakage was concluded
to be the most likely cause of observed hetero-
plasmy in two studies (Kvist et al. 2003;
Magoulas and Zouros 1993). Magoulas and
Zouros (1993) justiﬁed their conclusion that
paternal leakage was the cause of observed het-
eroplasmy in anchovy (Engraulis encrasicolus)
because the haplotypes involved were all com-
mon haplotypes in the population and were
phylogenetically separated by several mutational
events. Kvist et al. (2003) concluded that het-
eroplasmy observed in populations of great tit
(Parus major) was the result of paternal leakage
based on the phylogenetic relationship of the
heteroplasmic haplotypes. In this case, the hap-
lotypes were representative of two different sub-
species and the heteroplasmic individuals were
concluded to be hybrids. In our heteroplasmic
marsh frogs, the haplotypes vary by only a sin-
gle nucleotide in both the 1/5 and 4/15 forms
(Figure 2). Additionally, the 4/15 heteroplasmy
is only found at the WTP, and haplotype 15
has not been documented within the Sumgayit
region. The 1/5 heteroplasmy is slightly more
complicated in that both haplotypes are present
at the WTP, although haplotype 5 is only pre-
sent at a low frequency. The most convincing
evidence that the observed heteroplasmy from
the WTP is the result of new mutations result-
ing from contaminant exposure is that seven
out of the eight heteroplasmic individuals were
found at the WTP (Table 1). The remaining
heteroplasmic frog was collected at the closest
site to the west (site 75). Our data suggest that
there is a significant amount of gene flow
between these two populations. Therefore, we
cannot rule out the possibility that the single
heteroplasmic frog collected away from the
WTP could have actually originated from or is
a descendant of a female from the WTP. If
paternal leakage was the mechanism by which
heteroplasmy arose, one would expect to see
this phenomenon in all populations at a com-
parable rate of occurrence. In fact, the observed
frequencies of heteroplasmic frogs in Azerbaijan
populations are significantly different from
expected values under a random distribution
model (χ2, p = 0.031). We cannot rule out the
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Figure 4. Regional haplotype patterns and esti-
mates of genetic differentiation (FST) and gene ﬂow
(Nm). Shared haplotypes are shaded or patterned;
unique haplotypes are white.
Caspian Sea
Sumgayit
ALI/NEF
Alti-Agach
25 km
15 9
6 4
3
2
1
1
2 3
4
5
6
814
1/5
4/15 10
1
2
4
7
10
11 12
13
FST\Nm
1
—
0.237
0.074
2
2.11
—
0.203
1  ALI/NEF
2  Alti-Agach
3  Sumgayit
3
6.74
2.47
—
Table 2. ML estimates of θ (where θ = Neµ) and
estimates of Nm for marsh frog populations in
Azerbaijan.
Population θ Nm
(receiving) (Neµ) 1 2 3
1 ALI/NEF 0.00125 — 0.16 0.00
2 Alti-Agach 0.00107 0.00 — 2.88
3 Sumgayit 0.00071 5.05 0.46 —
Ln(likelihood) = 55.798. possibility that contaminants at the WTP have
somehow interfered with the normal processes
that prevent paternal transmission of mtDNA.
However, to our knowledge no study has yet
shown a relationship between contaminant
exposure and the disruption of strict maternal
inheritance of mtDNA. Thus, we conclude that
paternal leakage is likely not the cause of the
observed heteroplasmy in marsh frogs from
Sumgayit. We hypothesize that observed het-
eroplasmy is the transitional state resulting from
new mtDNA mutations. It is impossible to pre-
dict whether these heteroplasmic mutations will
become full mutations or if they will be lost in
future generations. Forster et al. (2002) showed
that mutational heteroplasmy can continue
through multiple generations in humans with-
out reaching fixation. In fact, they found
23 heteroplasmic mutations but failed to ﬁnd a
single full mutation.
We were unable to determine the number
of mutational events that led to these observed
heteroplasmic frogs. We hypothesize that all of
the individuals sharing a similar heteroplasmic
condition are the result of single mutational
events. We know that at least two independent
events would be required to produce the two
observed heteroplasmic forms. At least one
other mutational event is required to account
for the individual from site 75 if this frog is not
the result of gene flow with the WTP. We
believe the likelihood of migration to be much
higher than another independent identical
mutational event.
An increase in the frequency of hetero-
plasmy is sufﬁcient to suggest that Sumgayit is
acting as a source of new mutations. Evidence of
genetic damage and even genomic instability in
frogs from populations within Sumgayit indi-
cates that the increased mutation rate at
Sumgayit is likely an impact of contaminant
exposure (Matson et al. 2005b). Although
PAHs and mercury have been linked to the ele-
vated genetic damage in marsh frogs from
Sumgayit (Matson et al. 2005b), the complex
mixture of contaminants found at the WTP
makes it impossible to establish a causal relation-
ship with any particular individual or group of
contaminants and the elevated mutation rate. 
In addition to the elevated contaminant
concentrations found in Sumgayit, popula-
tions of marsh frogs in Sumgayit reveal the
population genetic and evolutionary impacts
of living in a contaminated environment in
several ways. Genetic damage is elevated in
both the WTP and CAP in Sumgayit
(Matson et al. 2005b). The WTP seems to be
a source of new mutations as a result of an
increased mutation rate. The Sumgayit region
has reduced levels of genetic diversity that is
detrimental to a population’s potential to
adapt and survive. Finally, the Sumgayit
region seems to act as an ecological sink. The
effects we have documented at multiple levels
of biologic organization combine to provide
real insight into the effects of long-term con-
taminant exposure on wildlife populations.
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